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Assuming the seesaw and leptogenesis mechanisms, I give some general remarks on possible connection or 
disconnection between CP violation in heavy Majorana neutrino decays and that in neutrino oscillations. A 
simple but predictive ansatz is proposed to simultaneously interpret the observed baryon asymmetry of the 
universe and oscillations of solar and atmospheric neutrinos. 



The density of baryons compared to that of 
photons in the universe is extremely smalh rj = 
n^/n^ = (2.6 — 6.3) x 10"^'^, extracted from the 
Big-Bang nucleosynthesis |l]. This tiny quantity 
is related to the observed matter-antimatter or 
baryon-antibaryon asymmetry of the universe, 
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where s denotes the entropy density. In order to 
produce a net baryon asymmetry in the standard 
Big-Bang model, three Sakharov necessary con- 
ditions must be satisfied (a) baryon number 
nonconservation, (b) C and CP violation, and (c) 
a departure from thermal equilibrium. Among 
several interesting and viable baryogenesis sce- 
narios proposed in the literature, Fukugita and 
Yanagida's leptogenesis mechanism |^ has at- 
tracted a lot of attention - due partly to the fact 
that neutrino physics is entering a flourishing era. 

Indeed the Super-K Q and SNO [§ data have 
provided very convincing evidence that neutrinos 
are massive and lepton flavors are mixed - a kind 
of new physics which can only be understood be- 
yond the standard electroweak model. A simple 
extension of the standard model is to include one 
right-handed neutrino in each of three lepton fam- 
ilies, while the Lagrangian of electroweak interac- 
tions keeps invariant under the SU(2)l x U(1)y 
gauge transformation. In this case, the Yukawa 
interactions are described by 



-Cy = ;L0i^ej^-l-ZL(/'i^,.^'R + -^'RMRi^R-f h.c, (2) 



where II denotes the left-handed lepton doublet, 
Cj^ and stand respectively for the right-handed 



charged lepton and Majorana neutrino singlets, 
and 4> is the standard- model Higgs doublet. The 
lepton number violation induced by the third 
term of Cy allows decays of the heavy right- 
handed Majorana neutrinos Ni (for i — 1,2,3) 
to occur: 



vs Ni~-* F + : 
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As each decay can happen both at the tree level 
and at the one-loop level (via the self-energy and 
vertex corrections) , the interference between tree- 
level and one-loop decay amplitudes may give 
rise to a CP-violating asymmetry Si between the 
two CP-conjugated processes in Eq. (3) |3|. If 
the masses of three heavy Majorana neutrinos 
N.i are hierarchical (Mi < M2 < M3) and 
the interactions of A^i are in thermal equilib- 
rium when N2 and N^, decay, the asymmetries 
produced by N2 and A^3 can be erased before 
A'^i decays. The CP asymmetry ei produced 
by the out-of-equilibrium decay of A^i survives, 
and it results in a lepton-antilepton asymmetry 
Yl = n^/s = eid/g^, where ^ 100 is an effec- 
tive number characterizing the relativistic degrees 
of freedom which contribute to the entropy s, and 
d accounts for the dilution effects induced by the 
lepton- number- violating wash-out processes. Fi- 
nally the lepton asymmetry Yl is converted into 
a net baryon asymmetry Yb through the (B + L)- 
violating sphaleron processes : 
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where c = (8N/ + 4N0)/(22N/ + I3N0) with N/ 
being the number of fcrmion families and be- 
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ing the number of Higgs doublets. Taking N/ = 3 
and — 1 for example, we obtain c ~ 1/3. 

After spontaneous symmetry breaking, we get 
the charged lepton mass matrix Mi =Yi (0) and 
the Dirac neutrino mass matrix A/d — Yu{(f)) 
from £y, in addition to the right-handed Majo- 
rana neutrino mass matrix Mr. The scale of Mi 
and Md is characterized by the gauge symmetry 
breaking scale v = {(j>) 175 GeV, but that of 
Mr may be much higher than v, because right- 
handed neutrinos are SU(2)l singlets and their 
mass term is not subject to the electroweak sym- 
metry breaking. As a consequence, the light (and 
essentially left-handed) neutrino mass matrix M^, 
can be obtained via the seesaw mechanism [Q: 

M, » -MuM-Hl^ . (5) 

Note that lepton flavor mixing at low energy 
scales stems from a nontrivial mismatch be- 
tween the diagonalizations of M^ and Mi, while 
the baryon asymmetry at high energy scales 
depends on complex Md and Mr in the lep- 
togenesis scenario. To see these points more 
clearly, let us diagonalize three of the four lep- 
ton mass matrices: Ui MiOi = Diagjme, TO^, mi-} 
and UlMi,U* — Diag{mi, m2, ms} as well as 
I/^MrC/^ = Diag{Mi,M2,M3}. Then the lep- 
ton flavor mixing matrix at low energy scales is 
given hy V — UjUjj, and the leptonic CP viola- 
tion in neutrino oscillations is measured by the 
Jarlskog parameter J defined through 

Q/37 ' ^ijk ), (6) 

where {a, (3) run over (e,fi,T) and run over 
(1,2,3). On the other hand, the CP asymmetry 
£i between Ni ^ I + cj)'' and Ni ^ l'' + (p decays 
at high energy scales can be given as |^ 
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u^mImj^u^ 
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where the mass hierarchy of three heavy Majo- 
rana neutrinos (Mi ^ M2 <C M3) has been as- 
sumed. We see that J' depends on Ui and or 



equivalently on Mi and M^, while £1 depends on 
Md and Mr (or J7r and Mi). The only possi- 
ble relationship between and ei is due to the 
seesaw mechanism in Eq. (5), which links Mi, to 
Md and Mr. Therefore one can conclude that 
there is no direct connection between CP viola- 
tion in heavy Majorana neutrino decays (si) and 
that in neutrino oscillations {J'). Such a gen- 
eral conclusion was first drawn by Buchmiiller 
and Pliimacher Recently a few other authors 
have carried out some more delicate analyses and 
reached the same conclusion . 

Depending on the specific flavor basis that we 
choose in model building, J and £1 can either be 
completely disconnected or maximally connected. 
To illustrate, let us consider two extreme cases: 

(1) In the basis where C/^ = 1 holds (i.e.. 



V = Ul 



lepton flavor mixing and CP viola- 



tion in neutrino oscillations arise solely from the 
charged lepton sector ||ll|), we find that £1 has 
nothing to do with V or J. In this special case, 
less fine-tuning is expected in building a phe- 
nomenological model which can simultaneously 
interpret the baryon asymmetry of the universe 
and lepton flavor mixing at low energy scales. 

(2) In the basis where both [/r — 1 and Ui = 1 
hold (i.e., V — Uu - lepton flavor mixing and 
CP violation in neutrino oscillations arise solely 
from the neutrino sector), we find that £1 can in- 
directly be linked to V and J through the seesaw 
relation in Eq. (5). It is worth remarking that the 
correlation between high- and low-energy observ- 
able quantities requires quite nontrivial attempts 
in model building. In particular, the textures of 
Mr and M-q have to be carefully chosen or fine- 
tuned to guarantee acceptable agreement between 
the model predictions and the observational or 
experimental data. 

In the second part of this talk, I propose a phe- 
nomenological ansatz to simultaneously interpret 
the observed baryon asymmetry of the universe 
and neutrino oscillations. Our simple ansatz ^ 
is essentially a non-SO(lO) modification of the 
Buchmiiller- Wyler ansatz ||l^, but it has more 
powerful predictability and its predictions are in 
better agreement with current data. 

First of all, we assume Mi and M-q to be sym- 
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metric matrices, just like Mr. Second, we assume 
that the (1,1), (1,3) and (3,1) elements of M;, Mb 
and Mr are all vanishing in a specific flavor ba- 
sis, like a phenomenologically-favored texture of 
quark mass matrices and jl^. Third, we 
assume that the non-zero elements of A/d and AIi 
can be expanded in terms of the Wolfenstein pa- 
rameter A ^ 0.22. To be explicit, we conjecture 
that Md and M; have the following patterns: 
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with Too ~ V, X = Xe^^ and {x, y) being real and 
positive coefficients of 0(1). It is easy to check 
that three mass eigenvalues of Md have the hi- 
erarchy A** : A^ : 1, and those of Mi have the 
hierarchy compatible with our experimental data 
on We, nifj, and TOt- As the (1,1), (1,3) and (3,1) 
elements of both Mr and Md are vanishing, 
must have the same texture zeros via the seesaw 
relation in Eq. (5) |14 . To generate a sufficiently 



large mixing angle in the t'^-i'r sector, (2,3), (3,2) 
and (3,3) elements of M^, should be comparable 
in magnitude. This requirement is actually strong 
enough to constrain the texture of Mr in a quite 
unique way ]l^ . For our purpose, we obtain 

Mr [.^, ,M M. 

Mo 
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where Mq 3> u, TOq — w^/Mo, z is a real and 
positive coefficient of C(l), z' = 2x — ze*" with 
\z'\ ~ C(l), and 2</? = 2C, — buj. Note that an over- 
all phase factor e*'^^""'^) has been omitted from 
the right-hand side of Mj^, since it has no contri- 
bution to lepton flavor mixing and CP violation. 
To generate a large mixing angle in the Vf,-v^ sec- 
tor, the condition Iz'e'^v _ i| = j ^ ^'(A) must 
be satisfied. There exists an interesting parame- 
ter space, in which x = 1/a/2, z = 1 + \/2A 
and C, = —bJ — 7r/4. One may check that 5 ~ ^/2X 
holds in this parameter space. 

As mentioned above, complex Mi, can be di- 
agonalized by a unitary matrix Uu, On the other 
hand, the strong hierarchy of real Mi under con- 
sideration implies that its contribution to lep- 
ton flavor mixing is small and negligible. Then 



we arrive at y « J7i/, which links the neutrino 
mass eigenstates (j^i, J^2, t's) to the neutrino fla- 
vor eigenstates (z^e, t'/j, i^r)- Current data on so- 
lar and atmospheric neutrino oscillations suggest 
iKal « 1, \Vei\ ^ IK2I and l^^al ~ I'^^rsl- Hence 
a parametrization of V needs two big mixing an- 
gles {9x and 6y) and one small mixing angle {9^), 
in addition to a few complex phases. Following 
Ref. ||], we obtain 

A 2 A 

tan26':r ~ 2^2- , tan 26*2^ « - , tan26'^ w ^ . 


Taking 5 = a/2A, we explicitly obtain « 31.7°, 
Oy K, 40.6° and 9z ~ 4.4°, favored by current ex- 
perimental data. In addition, the masses of three 
light neutrinos are given by 



TOi Atan( 
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We see that a normal neutrino mass hierarchy 
TOi : TO2 : TO3 A : A : 1 shows up. Then the 
absolute value of TO3 can be determined from the 
observed mass-squared difference of atmospheric 
neutrino oscillations Ato^^j^^ = |m| — m'^\ « to§. 
Using Am^^^^ = (1.6 - 3.9) x 10^3 eV^ ll|, we 



obtain TO3 sa yAr 



(4.0-6.2) X 10-2 eV. 



Given mo ~ v for the Dirac neutrino mass ma- 
trix A/d, the mass scale of three heavy Majo- 
rana neutrinos turns out to be Afo ~ 2v'^ /m^ « 
(4.9-7.6) X lO^'' GeV, which is quite close to the 
scale of grand unified theories Aqut ^ 10^® GeV. 

Note that our ansatz predicts a very small value 
for the effective mass term of the neutrinoless 
double-/? decay: {m)ee ~ X^ms/S « (2.4 - 3.8) x 
lO"'* eV, which is much lower than the present 
experimental upper bound {{m)ee < 0.35 eV at 
the 90% C.L.[|6|) and seems hopeless to be de- 
tected in practice. We also obtain the Jarlskog 
parameter, which measures CP and T violation 
in neutrino oscillations, as ~ A/(4\/T0) w 2%. 
Leptonic CP violation at the percent level could 
be measured in the future at neutrino factories. 

The symmetric mass matrix A/r can be diag- 
onalized by a unitary matrix [/r, as pointed out 
above. To leading order, we find Mi « X^Mq/z, 
M2 ~ zA'^A'fo and Af3 « Afo as well as J/rh « i, 

Ur22 ~ C^R33 ~ 1, C^R12 ~ *C^R,21 ~ A/z, ?7ri3 ~ 
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0, Ub.31 ~ i\^/z, and Ums ~ -C^R32 ~ A"*. One 
can see that the masses of three heavy Majo- 
rana neutrinos perform a strong hierarchy. Note 
that {Ml, M2, M3} {5.2 X 10^°, 1.8 x lO^^, 6.0 x 
lOi-*} GeV, if we typically take Mo = 6.0 x 
1014 GeV and z = 1 + \/2A. 

A CP-violating asymmetry (ei) may result 
from the interference between tree-level and one- 
loop amplitudes of the decay of the lightest heavy 
Majorana neutrino A'^i, as already presented in 
Eq. (7). In our ansatz, we can explicitly obtain 

El « |"sin2(2a; - C) ~ 2a;(l + x^) sinuj 

16n '- 



l2w] [z(1 + 2;2 + z2 



2a;zcosaj)] 

For illustration, we adopt the specific parameter 
space chosen above to evaluate the size of ei. The 
result is Si « —5.2 x 10~^. To translate this CP 
asymmetry into the lepton asymmetry 1l and the 
baryon asymmetry Yb , it is necessary to calculate 
the dilution factor d appearing in Eq. (4). Note 
that d depends closely on the following quantity: 
Kk = [U^A4MuU*]iiMpi/i87rv^ ■ IM^M 
with Mpi « 1.22 x 10^^ GeV, which characterizes 
the out-of-equilibrium decay rate of A^i. Mak- 
ing use of the typical inputs taken above, we 
arrive at Kji « 73. The dilution factor d can 
then be calculated with the help of an approx- 
imate parametrization ]l7| obtained from inte- 
grating the Boltzmann equations (for the range 
10 < i^R < 106): d « 0.3/[Kn{\nKn)°-^] « 
1.7 X 10^"^. Finally we get a very instructive pre- 
diction for the baryon asymmetry of the universe 
from Eq. (4): Yb « 4.7 x 10"^^. One can see 
that this result is consistent quite well with the 
observational value of Ye quoted in Eq. (1). 

One may go beyond the typical parameter 
space taken in this talk to make a delicate analysis 
of all measurables or observables. It is remark- 
able that we can quantitatively interpret both 
the baryon asymmetry of the universe and the 
small mass-squared differences and large mixing 
factors of solar and atmospheric neutrino oscilla- 
tions. In this sense, our ansatz is a complete phe- 
nomenological ansatz favored by current exper- 
imental and observational data, although it has 
not been incorporated into a convincing theoret- 
ical model. 
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